Introduction to drug repositioning
==================================

The traditional approach to drug discovery involves de novo identification and validation of new molecular entities (NME), which is a time-consuming and costly process. Despite huge investment in drug discovery and development and explosive advancement in biological/informational technologies during past decades, the number of new drugs introduced into the clinic has not increased significantly. For example, while the total R&D expenditure for the drug discovery worldwide increased 10 times from 1975 (US \$4 billion) to 2009 (\$40 billion), the number of NMEs approved has remained largely flat (26 new drugs approved in 1976 and 27 new drugs approved in 2013) [@B1], [@B2]. The average time required for drug development has also increased over time. It has been estimated that the average drug development time from discovery to market launch in US and EU countries was 9.7 years during 1990s, but has increased to 13.9 years from 2000 onwards [@B3]. Those hurdles in discovering and developing new drugs call for alternative approaches including drug repositioning.

Drug repositioning refers to the identification of new indications from existing drugs and the application of the newly identified drugs to the treatment of diseases other than the drug\'s intended disease. A well-known example of drug repositioning is the use of sildenafil (Viagra) in erectile dysfunctions. Sildenafil is an inhibitor of cyclic guanosine monophosphate (cGMP)-specific phosphodiesterase type 5 (PDE5) and was originally developed for the treatment of coronary artery disease by Pfizer in 1980s. The side effect of sildenafil, marked induction of penile erections, was serendipitously found during the Phase I clinical trials for the patients with hypertension and angina pectoris [@B4]. After sildenafil failed in Phase II clinical trials for the treatment of angina, it was redirected to the treatment of erectile dysfunctions. Sildenafil received a US-Food and Drug Administration (FDA) approval and entered the US market in 1998, quickly becoming a blockbuster. Another well-known example of drug repositioning is thalidomide. Thalidomide was originally developed as a sedative by the German pharmaceutical company Grünenthal in 1957. It had been used to alleviate morning sickness in pregnant women. Not long after the drug was introduced, it was found to cause serious birth defects. More than 10,000 children in 46 countries were born with malformation of the limbs and other body extremities due to the use of thalidomide, and around half of them died within a few months after birth [@B5], leading to its withdrawal from the market. In the ensuing decades, several research groups found that thalidomide possesses anticancer activity. It was found to inhibit angiogenesis in animal models by Robert D\'Amato and Judah Folkman [@B6] and was subsequently shown to have promising therapeutic effect on refractory multiple myeloma and metastatic prostate cancer [@B7], [@B8]. In 2006, thalidomide received US-FDA approval for the treatment of multiple myeloma in combination with dexamethasone.

Activity-based vs *in silico* drug repositioning
================================================

Several success stories of drug repositioning brought global attention to the existing drug space for potential off-target effects that may be beneficial to certain diseases such as cancer. Since existing drugs have already been used in humans, they have well-established dose regimen with favorable pharmacokinetics (PK) and pharmacodynamics (PD) properties as well as tolerable side effects, making old drugs useful sources of new anticancer drug discovery. In early 2000s, we launched a new initiative to assemble a library of existing drugs, dubbed the Johns Hopkins Drug Library (JHDL) [@B9]. JHDL has about 2,200 drugs that have been approved by US-FDA or by its foreign counterparts and about 800 non-approved drug candidates that have entered various phases of human clinical trials. We note that NIH Chemical Genomics Center (NCGC) recently built a collection of existing drugs called NCGC Pharmaceutical Collection (NPC) which contains 2,400 small molecular entities that have been approved for clinical use in US (FDA), EU (EMA), Japan (NHI), and Canada (HC) [@B10], [@B11]. In addition to these, many of clinical drug collections are currently commercially available. These clinical drug collections have proven to be useful sources to find new indications of existing drugs.

The term \'activity-based drug repositioning\' we shall use in this review refers to the application of actual drugs for screening. In contrast, \'*in silico* drug repositioning\' utilizes public databases and bioinformatics tools to systematically identify interaction networks between drugs and protein targets [@B12]. This latter approach has become successful since a large amount of information on the structure of proteins and pharmacophores has been accumulated over the past few decades along with the advancement of bioinformatics and computational science. Most pharmaceutical companies have already adopted the *in silico* models for drug discovery from diverse chemical spaces. *In silico* drug repositioning is a potentially powerful technology and has some advantages over the activity-based drug repositioning, including increased speed and reduced cost. However, it also has some limitations since it requires high-resolution structural information of targets. It also requires disease/phenotype information or gene expression profiles of drugs when a screen does not involve protein targets. In contrast, activity-based drug repositioning can employ both protein target-based and cell/organism-based screens without requiring structural information of target proteins or database. Thus, activity-based and *in silico* drug repositioning represent two alternative and complementary approaches to new drug discovery (Table [1](#T1){ref-type="table"}). Here, we briefly summarize a few recent discoveries of new anti-angiogenic and anticancer activities of existing drugs through activity-based screening of the JHDL along with the subsequent mechanistic and translational follow-up studies.

Drug repositioning for anticancer applications
==============================================

Itraconazole
------------

Itraconazole is a triazole antifungal drug developed in 1980s. Like other azole family of antifungal drugs, it is effective in a variety of systemic fungal infections [@B13]. The mechanism of antifungal activity of itraconazole has been well established. It is known to inhibit cytochrome P450-dependent lanosterol 14-α-demethylation (14DM) in the ergosterol biosynthesis pathway in fungi [@B14]. Ergosterol is the main sterol in most yeasts and fungi, being responsible for their membrane integrity and function. It is required for fungal cell proliferation [@B15]. By inhibiting 14DM, itraconazole and related azole compounds cause the depletion of ergosterol and induce accumulation of 14-α methylsterols that can impair membrane functions, thereby suppressing the fungal growth [@B14], [@B16]. Although itraconazole is a well-tolerated drug, it has some side effects including hepatotoxicity (rare but sometimes serious), cardiovascular toxicity and diarrhea (when prepared with cyclodextrin) [@B17].

Anticancer activity of itraconazole was first reported by Chong et al. in 2007 due to its newly discovered anti-angiogenic activity [@B18]. In this study, the JHDL was screened for inhibitors of human umbilical vein endothelial cell (HUVEC) proliferation, a proxy for angiogenesis, and itraconazole was identified as one of the most potent hits. In follow-up studies, itraconazole, either alone or in combination with other anticancer drugs, showed strong anticancer activities in preclinical models including non-small cell lung cancer (NSCLC), medulloblastoma, and basal cell carcinoma [@B19], [@B20]. Prompted by such encouraging preclinical results, itraconazole has entered several Phase II clinical studies for the treatment of various types of cancer. Most recently, positive clinical results have been reported from advanced lung cancer and prostate cancer trials (both at Johns Hopkins Sidney Kimmel Comprehensive Cancer Center) and from basal cell carcinoma trial (at Stanford University) [@B21]-[@B23]. Itraconazole in combination with pemetrexed showed significant survival benefit in patients with progressive nonsquamous non-small-cell lung cancer compared to the control arm of pemetrexed alone [@B21]. High dose (600 mg/day) of itraconazole also showed modest anticancer activity in patients with metastatic castration-resistant prostate cancer (CRPC) [@B22]. In the basal cell carcinoma trial, patients were received oral itraconazole 200 mg twice per day for 1 month or 100 mg twice per day for an average of 2.3 months. In this exploratory trial, itraconazole reduced tumor size by 24% from the patients [@B23].

Overall, itraconazole was well-tolerated by the patients in all three aforementioned Phase II trials with a few common toxicities including fatigue, nausea and anorexia. Recent study about therapeutic drug monitoring (TDM) of itraconazole suggests that serum concentration of 5 μg/ml (7 μM) is associated with 26% probability of adverse effect [@B24]. The probability increases progressively with increasing serum concentrations of itraconazole. Classification and regression tree (CART) analysis suggests that serum itraconazole level of 17.1 μg/ml (24.4 μM) is upper limit for TDM [@B24]. Considering that itraconazole\'s IC~50~ values for angiogenesis range from sub-micromolar to single digit micromolar concentrations (0.5 \~ 3 μM), it has a moderate therapeutic window. However, occurrence of some rare but serious side effects such as hepatotoxicity and congestive heart failure should be monitored in the clinical settings, though it is interesting that the higher dose of itraconazole (600 mg daily) did not cause those major side effects in prostate cancer patients as would have been anticipated [@B17], [@B22].

Although itraconazole showed promising anticancer activity in several types of cancer, its precise anticancer mechanism has remained elusive. To date, two anticancer mechanisms of itraconazole have been proposed; inhibition of angiogenesis and inhibition of Hedgehog signaling pathway in certain cancer cells (Figure [1](#F1){ref-type="fig"}). The studies of Xu et al. [@B25], and Nacev et al. [@B26] showed that itraconazole inhibited cholesterol trafficking in human endothelial cells, leading to inhibition of mammalian target of rapamycin (mTOR) and vascular endothelial growth factor receptor type 2 (VEGFR2) signaling pathways that are critical for endothelial cell proliferation and angiogenesis. In a separate study, Kim et al. demonstrated that itraconazole inhibited Hedgehog signaling pathway, thereby suppressing the growths of medulloblastoma and basal cell carcinoma [@B19]. Ongoing studies are being focused on identifying the molecular target of itraconazole in mammalian cells, which will further our understanding of the precise mode of action of itraconazole for its anticancer activity, facilitating its development as a new anticancer and anti-angiogenic drug.

Nelfinavir
----------

Nelfinavir is a competitive inhibitor of human immunodeficiency virus (HIV) aspartyl protease and is being used in combination with other antiretroviral drugs to treat patients with HIV infection [@B27]. It received the US-FDA approval in 1997 for an oral dose regimen of 750 mg three times daily. It was later modified to a regimen of 1250 mg twice daily as recommended by US-FDA. Both regimens were proven to be equally effective [@B28]. The average peak plasma level of nelfinavir is around 8 μM and the bioavailability is known to be increased when taken with food [@B29]. Nelfinavir is a well-tolerated drug with some common side effects such as insulin resistance, hyperglycemia and lipodystrophy. From early 2000s, researchers have found potential anticancer activity of nelfinavir. It was reported to inhibit the growths of Kaposi\'s sarcoma [@B30], multiple myeloma [@B31], NSCLC [@B32], [@B33], prostate cancer [@B34], and breast cancer [@B35], [@B36]. Nelfinavir exhibited a broad-spectrum anticancer activity *in vivo*, being efficacious in several preclinical cancer models.

There has been an increasing interest in underlying mechanism of anticancer activity of nelfinavir. A common side effect of nelfinavir was insulin resistance, which was later found to be through inhibition of phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathway. AKT was recognized as an important mediator for cancer cell survival. In addition, activation of AKT signaling promotes resistance to chemo- and radiation therapy. Brunner et al. recently conducted a Phase I clinical trial of nelfinavir and chemoradiation for locally advanced pancreatic cancer [@B37]. In this trial, nelfinavir showed potent radiosensitizing and antitumor activities without adding toxicity in patients with pancreatic cancer. Although nelfinavir is known to inhibit AKT signaling pathway, it does not directly inhibit the kinase activity of AKT. Gupta et al. showed that nelfinavir down-regulates AKT phosphorylation by inhibiting 20S proteasome activity [@B38]. Hamel et al. also showed that nelfinavir inhibited chymotrypsin- and trypsin-like activities of the rat proteasome preparation *in vitro* [@B39]. However, whether proteasome is the relevant target of nelfinavir for its anticancer and anti-AKT activity has been debated since several conflicting results have been reported. Nelfinavir was shown to inhibit cyclin-dependent kinase 2 (CDK2) activity by enhancing proteasome-dependent degradation of Cdc25A phosphatase [@B40]. In addition, known proteasome inhibitors including MG132 and bortezomib did not recapitulate effects of nelfinavir in breast cancer cells, but, instead, they rescued the AKT inhibition by nelfinavir [@B36].

Recently, Srirangam et al. [@B41] and Shim et al. [@B36] demonstrated that nelfinavir is a novel inhibitor of heat shock protein-90 (HSP90). Srirangam et al. showed that ritonavir, a structurally related HIV protease inhibitor to nelfinavir, bound to HSP90 and inhibited interaction between HSP90 and AKT. Shim et al. conducted a pharmacological profiling of seven genotypically different breast cancer cell lines using JHDL and found that nelfinavir selectively inhibited the proliferation of human epidermal growth factor receptor 2 (HER2)-positive breast cancer cells over HER2-negative ones. In HER2-positive breast cancer cells, nelfinavir caused degradation of HER2 and AKT by inhibiting their association with HSP90. In addition to HER2 and AKT, the study further showed that nelfinavir decreased the levels of other known HSP90 client proteins including CDK4 and CDK6 [@B36]. These studies explained in part how nelfinavir inhibited AKT signaling in cancer cells.

Other proposed anticancer mechanisms of nelfinavir include induction of endoplasmic reticulum (ER) stress and autophagy in cancer cells and inhibition of angiogenesis through down-regulation of hypoxia-inducible factor-1α (HIF-1α) [@B32], [@B42], [@B43]. Since nelfinavir can potentially interact with multiple proteins in cells, its anticancer activity might be a consequence of simultaneous inhibition of multiple pathways essential for cancer cell proliferation and survival (Figure [2](#F2){ref-type="fig"}). Nelfinavir is now under more than 20 Phase I/II clinical trials for cancer (<http://clinicaltrials.gov/>). Although the anticancer mechanism of nelfinavir remains to be completely elucidated, promising anticancer activities have been reported from the clinical studies [@B44]-[@B46].

Digoxin
-------

Digoxin is a cardiac glycoside isolated from foxglove [@B47]. It has a long history of use in the treatment of various heart conditions including heart failure and arrhythmia. Digoxin is known as a potent inhibitor of Na^+^/K^+^-ATPase pump in cell membrane [@B48]. Na^+^/K^+^-ATPase regulates sodium ion gradient across the cell membrane to efflux intracellular Ca^2+^ ions. Inhibition of Na^+^/K^+^-ATPase by digoxin causes an increase in intracellular Ca^2+^ concentration in myocardiocytes and pacemaker cells, thereby lengthening cardiac action potential [@B49].

From early 1980s, a few cohort studies with a small group of breast cancer patients have shown that the use of digoxin decreased the breast cancer recurrence and aggressiveness [@B50], [@B51]. These observations suggested a potential anticancer activity of digoxin against breast cancer. It was believed that digoxin, as a phytoestrogen, could interfere with estrogen receptor (ER) signaling in cancer cells, thereby suppressing the growth of breast cancer [@B52], [@B53]. Two decades later, however, conflicting results were reported. Haux et al. showed that the population who were taking digitoxin, another cardiac glycoside, had a higher incidence of cancer compared to the control population [@B54]. In addition, Ahern et al. [@B55] and Biggar et al. [@B56] reported that the use of digoxin significantly increased the breast cancer incidence among women in Denmark. Among the digoxin users, there was the higher risk for developing ER-positive breast cancers than ER-negative breast cancers [@B56]. These data suggested that digoxin, in certain conditions, might act as an estrogen-like molecule rather than an anti-estrogen in women, thus increasing ER-positive breast cancer risk.

In a recently study, Platz et al. conducted two-stage multidisciplinary studies to identify possible anti-prostate cancer drugs from JHDL [@B57]. The authors screened JHDL and identified digoxin as one of the most potent inhibitors of prostate cancer cell proliferation. A subsequent large-scale cohort study with long-term follow-up demonstrated that digoxin significantly reduced the incidence of prostate cancer by 25% among men [@B57]. Moreover, men who had used digoxin for longer than 10 years showed 46% lower incidence of prostate cancer, suggesting a potential anti-prostate cancer activity of digoxin. This encouraging observation led to the recent Phase 2 clinical trial for recurrent prostate cancer. How digoxin showed opposite effects between breast cancer and prostate cancer remains unclear. The fact that digoxin increased the risk of only estrogen sensitive cancers including breast and uterus cancers, but not ovary or cervix cancer, suggests that the tumor promoting mechanism is mediated through its estrogenic effect [@B58]. Paradoxically, estrogens suppress androgen levels and inhibit prostate cancer growth [@B59]. Hedelin et al. reported that intake of dietary phytoestrogens significantly reduced prostate cancer risk among the population in Sweden [@B60]. Moreover, digoxin and other cardiac glycosides decreased secretion of prostate specific antigen (PSA) in androgen receptor (AR)-dependent prostate cancer cells [@B61]. These observations strongly suggest that estrogenic effect of digoxin is beneficial for the treatment of androgen-dependent cancers, such as prostate cancer. In addition to the estrogenic effect, other anticancer mechanisms of digoxin have been also proposed, such as inhibition of Na^+^/K^+^-ATPase and HIF-1α synthesis [@B62], [@B63]. Proposed anticancer mechanisms of digoxin are summarized in Figure [3](#F3){ref-type="fig"}.

Digoxin is known to have a narrow therapeutic index (2 to 3), suggesting that doubling or tripling its recommended dose may cause toxicity [@B64]. The therapeutic serum level of digoxin for heart rate control is about 2 ng/ml (2.6 nM). However, IC~50~ of digoxin for prostate cancer cell proliferation was about 5-10 times the therapeutic serum level, suggesting a discrepancy between *in vitro* and *in vivo* anti-prostate cancer activity of digoxin [@B57]. Although the mechanism by which digoxin exerts anticancer activity *in vivo* with its therapeutic serum level remains unclear, it is intriguing to postulate that digoxin may accumulate in prostate tissue or that it may indirectly inhibit prostate cancer growth through other mechanisms such as inhibition of angiogenesis during the long-term, low-dose treatment. Nonetheless, it is clear that digoxin has a beneficial effect on patients with certain types of cancer and is currently undergoing several clinical trials for the treatment of cancer as a monotherapy or in combination with other chemotherapy drugs (<http://clinicaltrials.gov/>).

Nitroxoline
-----------

Nitroxoline is an old antibiotic which has been widely used in European, Asian and African countries from 1960s. It is particularly effective for the treatment of urinary tract infections (UTI) due to the drug\'s unique PK property. When administered orally, nitroxoline is rapidly absorbed into the plasma and is subsequently excreted into urine [@B65]. It has a long retention time in urine, thus making it ideal for UTI treatment. Nitroxoline is known to be able to chelate divalent metal ions such as Mg^2+^ and Mn^2+^, which is appreciated as a possible mechanism for its antibacterial activity [@B66].

Shim et al. first reported anticancer activity of nitroxoline in 2010 [@B67]. The authors conducted two distinct screens, a target-based (methionine aminopeptidase-2 or MetAP2 as a target) and cell-based (HUVEC) screens to identify novel anti-angiogenic agents from a diverse chemical compound library and JHDL, respectively. Nitroxoline was found to be a common hit from both screens [@B67]. As it was identified from the MetAP2 inhibitor screen, it is not surprising that nitroxoline potently inhibited MetAP2 activity *in vitro* (IC~50~ = 54 nM) and in endothelial cells. It is well established that inhibition of MetAP2 activity in endothelial cells causes an increase in p53 level and an activation of retinoblastoma protein (pRb) by decreasing its phosphorylation, leading to the inhibition of endothelial cell proliferation [@B68]. Similar to a known MetAP2 inhibitor TNP-470, nitroxoline increases the level of p53 and induces hypo-phosphorylation of pRb in HUVEC. In addition, nitroxoline also causes an increase in acetylation of p53 (K382), α-tubulin and histone H3, hallmarks of inhibition of human sirtuins 1 and 2. Subsequent *in vitro* and *in vivo* studies showed that nitroxoline inhibited angiogenesis and the growth of cancer xenograft in mouse models. Given that nitroxoline has a long retention time in urine, it was postulated that the drug might be particularly effective in urological cancers such as bladder cancer. Nitroxoline was tested in an orthotopic bladder cancer model in mice and was administered orally for two weeks to assess its anticancer activity. Cancers from control group grew continuously, whereas the cancer growth was significantly delayed in nitroxoline treated group, suggesting a potential anticancer activity of nitroxoline against bladder cancer *in vivo*. From the translational perspective, the concentration of nitroxoline required for inhibition of endothelial cell proliferation (IC~50~ = 1.9 μM) was well below the maximal clinically achievable concentration (C~max~ \> 10 μM) in both human plasma and urine. Taking into account that antibacterial activity of nitroxoline was shown at greater than 10 μM and that daily nitroxoline dosage of 400-750 mg (for adult) was sufficient to show antibacterial activity in human, the current nitroxoline dosage regimen for UTI treatment is likely to be sufficient for blocking angiogenesis *in vivo*.

Other recent studies also supported the anticancer activity of nitroxoline. Mirkovic et al. showed that nitroxoline inhibited cathepsin B activity and suppressed breast cancer cell invasion [@B69]. Cathepsin B plays a role in degradation of extracellular matrix (ECM) and is implicated in tumor cell migration, invasion and metastasis. However, the *K~i~*values of nitroxoline for endopeptidase activity of cathepsin B were 154.4 μM (for dissociation of EI complex) and 39.5 μM (for dissociation of ESI complex), calling into question the relevance of this effect of nitroxoline to its anti-angiogenic activity. However, it cannot be ruled out that the anti-cathepsin B effect of nitroxoline contributes to its anticancer activity *in vivo* by suppressing tumor cell migration and invasion. The proposed mechanisms of anticancer activity of nitroxoline are summarized in Figure [4](#F4){ref-type="fig"}. In a separate study, Jiang et al. recently reported that nitroxoline showed strong anticancer activity against lymphoma, leukemia, pancreatic cancer and ovarian cancer cells [@B70]. Nitroxoline has been used in many European countries as UTI drug for over 50 years and no apparent human toxicity has been reported, making the drug an excellent candidate for anticancer drug repositioning. With the unique PK property and current dosage regimen, human clinical studies of nitroxoline for the treatment of cancer, especially, bladder cancer are warranted.

Concluding remarks
==================

In this review, we provided an overview of drug repositioning for anticancer applications with a particular emphasis on activity-based drug repositioning of non-cancer drugs. Several successful case studies including those exemplified in this review are summarized in Table [2](#T2){ref-type="table"}. Many of these drugs are under Phase II studies for cancer therapy. Although drug repositioning should significantly reduce the time and cost associated with drug development processes, benefits are limited to a certain process between preclinical to Phase II study. Many challenges still exist after Phase II trials. Phase III studies involves much larger number of patients compared to Phase I and II studies. Due to the size and relatively long duration, Phase III studies are the most expensive and time-consuming trials and these hurdles in Phase III studies have not changed over the years. Another challenge that should be considered for drug repositioning has to do with intellectual property (IP) protection of the repositioned drugs, especially for those drugs that are off patents. Off-patent drugs can be protected in part by method-of-use (MOU) patents which contain one or more claims directed to a method of use. MOU patents are much weaker than the composition-of-matter (COM) patents in terms of the exclusionary right. Nitroxoline, for example, used to be off patent, but is currently under MOU patent protection for anticancer applications since it was found to have anticancer properties [@B71].

Currently, an estimated number of 4,000 of active pharmaceutical ingredients (API) have been approved for human use in the world [@B10]. Approved drugs keep accumulating over the years; on average 20 to 30 NMEs each year have been approved by US-FDA [@B2] further expanding the space for drug repositioning. Since more diverse and selective cancer drug targets are being discovered and developed, the approved drug collections will be particularly useful to quickly identify clinically advanced anticancer drugs against those targets. A major problem of conventional cancer chemotherapy drugs (mainly DNA damaging agents) is notorious side effects that significantly reduce the quality of life of patients. As most of non-cancer drugs have little or tolerable side effects in human, repositioning of non-cancer drugs for anticancer therapy as exemplified in this review will be an excellent strategy for future anticancer drug development.
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![Proposed mechanisms of anticancer activity of itraconazole. Extracellular cholesterols are transported into cells in the form of low-density lipoprotein (LDL) through binding to LDL receptor. Cholesterol esters are then hydrolyzed in the late endosome/lysosomes and transported to various cellular destinations through cholesterol trafficking system. Itraconazole is known to block the cholesterol release from the late endosome/lysosomes causing hyper-accumulation of cholesterols in the organelle (so-called Niemann-Pick C phenotype). This leads to the inhibition of mTOR activity and VEGFR2 glycosylation in endothelial cells. Itraconazole is also known to inhibit Smoothened (SMO) activation in Hedgehog signaling by a mechanism distinct from that of cyclopamine and other known SMO antagonists. Itraconazole suppresses Sonic hedgehog (SHH)-induced accumulation of SMO in the primary cilium.](ijbsv10p0654g001){#F1}

![Proposed mechanisms of anticancer activity of nelfinavir. Nelfinavir is known to have a strong anticancer activity through multiple pathways including induction of ER stress, apoptosis and autophagy, and inhibition of AKT pathway and hypoxia-inducible factor 1α (HIF-1α)-dependent angiogenesis. Nelfinavir was shown to inhibit the chymotrypsin- and trypsin-like activities of 20S human proteasome. However, whether anti-proteasome effect is the primary mechanism of nelfinavir for anticancer activity remains elusive since nelfinavir causes proteasome-dependent degradation of several proteins. HSP90 is another proposed molecular target of nelfinavir, of which the inhibition leads to a decrease in the levels of its client proteins including HER2, AKT and CDKs through proteasome-dependent degradation.](ijbsv10p0654g002){#F2}

![Proposed mechanisms of anticancer activity of digoxin. Digoxin is a phytoestrogen which inhibits AR signaling pathway by preventing AR binding to AR-responsive element (ARE), leading to decrease in AR target genes such as PSA in prostate cancer cells. Digoxin is also known to inhibit HIF-1α synthesis, thereby reducing HIF-1α binding to its cognate element, hypoxia-responsive element (HRE), and suppressing the expression of HIF-1α target genes such as VEGF in cancer cells. Binding of cardiac glycosides to Na^+^/K^+^-ATPase is known to activate Src, epidermal growth factor receptor (EGFR) and extracellular signal-regulated kinase 1 and 2 (ERK1/2) phosphorylation, which leads to an accumulation of p21/CIP1 and induction of cell cycle arrest in cancer cells.](ijbsv10p0654g003){#F3}

![Proposed mechanisms of anticancer activity of nitroxoline. Nitroxoline was shown to inhibit both MetAP2 and sirtuins (SIRT1 and 2) in human endothelial cells. Inhibition of MetAP2 by nitroxoline induced hypo-phosphorylation of retinoblastoma protein (pRb) and increased the level of p53. Inhibition of SIRT1 and 2 caused an increase in acetylation of p53 (K382) and α-tubulin (in the presence of histone deacetylase inhibitor), leading to an induction of endothelial cell senescence. A synergy in increasing the acetylation level of p53 (K382) and inducing senescence was observed when MetAP2 and SIRT1 were inhibited simultaneously, representing a mechanism of nitroxoline for its anti-angiogenic activity. Nitroxoline was also shown to bind and inhibit cathepsin B, an enzyme responsible for extracellular matrix (ECM) protein degradation in cancer cells, thereby blocking cell migration and invasion.](ijbsv10p0654g004){#F4}

###### 

Activity-based and *in silico* approaches for drug repositioning.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Approaches         Pros                                                                 Cons
  ------------------ -------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Activity-based*   \* No limitation for target-based and cell-based screening assays\   \* Time and labor consuming\
                     \* Easy to validate screening hits\                                  \* Requires an entire collection of existing drugs\
                     \* Lower rate of false positive hits during the screening            \* Need to develop a screening assay

                                                                                          

  *In silico*        \* Time and labor efficient\                                         \* Limitation for target-based and cell based screenings (requires structural information of target proteins and drug-induced cell/disease phenotype information)\
                     \* No need an entire collection of existing drugs\                   \* Higher rate of false positive hits during the screening
                     \* No need to develop a screening assay                              
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Examples of activity-based drug repositioning for anticancer applications.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drugs               Original uses                               Proposed anticancer mechanisms                                                                                        Developmental status
  ------------------- ------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ----------------------
  Itraconazole        \* Treatment for fungal infections          \* Inhibiting endothelial cell cholesterol trafficking and angiogenesis [@B18], [@B25]\                               Phase I and II
                                                                  \* Inhibiting Hedgehog pathway [@B19]                                                                                 

  Nelfinavir          \* Treatment for HIV infections             \* Inhibiting 20S proteasome and AKT signaling [@B38], [@B39]\                                                        Phase I and II
                                                                  \* Inhibiting HSP90 and HER2 signaling [@B36], [@B41]\                                                                
                                                                  \* Inducing ER stress and autophagy, and inhibiting angiogenesis [@B32], [@B42], [@B43]                               

  Digoxin             \* Treatment for cardiac diseases           \* Inhibiting Na^+^/K^+^-ATPase [@B63]\                                                                               Phase I and II
                                                                  \* Acting as a phytoestrogen and inhibiting androgen receptor signaling [@B59], [@B61]\                               
                                                                  \* Inhibiting HIF-1α synthesis [@B62]                                                                                 

  Nitroxoline         \* Treatment for urinary tract infections   \* Inhibiting human MetAP2 and sirtuins in endothelial cells [@B67]\                                                  Preclinical trials
                                                                  \* Inducing premature senescence and inhibiting angiogenesis [@B67]\                                                  
                                                                  \* Inhibiting cathepsin B [@B69]                                                                                      

  Riluzole            \* Treatment for\                           \* Inhibiting the release of glutamate [@B72]\                                                                        Phase I and II
                      Amyotropic lateral sclerosis                \* Inhibiting cell proliferation of metabotropic glutamate receptor 1 (GRM1)-expressing human melanoma cells [@B72]   

  Mycophenolic acid   \* Immunosuppressant                        \* Inhibiting type-1 inosine monophosphate dehydrogenase (IMPDH-1) and angiogenesis [@B73]\                           Phase I
                                                                  \* Inhibiting c-Myc signaling network in endothelium [@B74]                                                           

  Disulfiram          \* Treatment for chronic alcoholism         \* Inhibiting proteasome when complexed with metals [@B75]\                                                           Phase II and III
                                                                  \* Inhibiting DNA methyltransferase 1 (DNMT1) [@B76]                                                                  
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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